Shallow groundwater in the Prairie Pothole Region (PPR) is recharged predominantly by snowmelt 14 in the spring and may supply water for evapotranspiration through the summer/fall. This two-way 15 exchange is underrepresented in land-surface models. Furthermore, the impacts of climate change 16 on the groundwater recharge are uncertain. In this paper, we use a coupled land and groundwater 17 model to investigate the hydrologic cycle of shallow groundwater in the PPR and study its response and western PPR in the future summer, with reduced precipitation and drier soils in the east but 26 little change in the west. The annual recharge increased by 25% and 50% in the eastern and western 27 PPR, respectively. Additionally, we found the mean and seasonal variation of the simulated 28 WTD are sensitive to soil properties and fine-scale soil information is needed to improve 29 groundwater simulation on regional scale. 30 31
In the summer and fall, when high ET exceeds PR and desiccates the soil, capillary rise may draw 66 water from the groundwater aquifers to supply ET demands, declining water table. This two-way 67 exchange between unsaturated soils and groundwater aquifers is important for the water table 68 dynamics on regional scale. 69
70
[4] Furthermore, groundwater exchange with prairie pothole wetlands are complicated and critical 71 in the PPR. Numerous wetlands known as potholes or sloughs provide important ecosystem 72 services, such as providing wildlife habitats and groundwater recharge (Johnson et al., 2010) . 73
Shallow groundwater aquifers may receive water from or lose water to prairie wetlands depending 74 on the hydrological setting. Depression-focused recharge generated by runoff from upland to 75 depression contributes to sufficient amount of water input to shallow groundwater (5-40 mm/year). 76
On the other hand, groundwater lateral flow exchange center of a wetland pond to its moist margin 77 is also an important components in the wetland water balance (van der Kamp and Hayashi, 2009; 78 Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2019-155 Manuscript under review for journal Hydrol. Earth Syst. Sci. typically occurs on local scale (from 10 to 100 m) and thus, challenging to in current land surface 80 models or climate models (resolution from 1 km to 100 km). Therefore, in this paper, we tend to 81 focus on the groundwater dynamics in PPR on regional scale two-way exchange between aquifer 82 and soils, rather than local scale groundwater-wetland exchange. resolution analysis from global climate models (GCMs) provided little specificity to inform 90 decision making. Basin-scale groundwater studies connect the climate with groundwater-flow 91 models to understand the climate impacts on specific systems Kurylyk 92 and MacQuarrie, 2013; Dumanski et al., 2015) . However, a knowledge gap exists in predicting the 93 effect of climate change over large regions (major river basins, states or group of states) (Green et 94 al., 2011) . The lack of climate-groundwater studies at regional scale may be due to two reasons: 95 first, it is challenging to represent the two-way water exchange in coupled land surface and 96 groundwater model at a regional scale; and second, a regional coupled land-hydrology model 97 requires fine-resolution and good quality meteorological forcing, which needs to be further 98 downscaled from GCMs. 99 100 Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2019-155 Manuscript under review for journal Hydrol. Earth Syst. Sci. 
Data and Methods 147
2.1 Observation data 148
[10] Groundwater observation data were obtained through several agencies: (1) the United States 149
Geological Survey (USGS) National Water Information System in the U.S. 150
(https://waterdata.usgs.gov/nwis/uv?referred_module=gw&search_criteria=search_site_no&sear 151 These criteria reduced the observation data to the record of 11 well records, with one in Alberta, 168 six in Saskatchewan and four in Minnesota (U.S.). Table 1 summarizes the information for each  169 selected well, and Fig. 1(a) shows the location of the wells in our study area. 170 
Groundwater Scheme in Noah-MP 178
[12] In the present study, we used the community Noah-MP LSM (Niu et between the groundwater head, local riverbed depth and parameterized river conductance: 226
with ZMyzZ is the depth of river bed [m] and RC is dimensionless river conductance, which depends 228 on the slope of the terrain and equilibrium water table (eqzwt, [m]). Eq. (7) is a simplification 229 which uses ZMyzZ rather than the water level in the river and, for this study, we only consider one-230 way discharge from groundwater to rivers. Finally, the change of WTD is calculated as the total 231 fluxes fill or drain the pore space between saturation and the equilibrium soil moisture state 232
in the layer containing WTD: 233
If ∆ X is greater than the pore space in the current layer, the soil moisture content of current layer 235 is saturated and the WTD rises to the layer above, updating the soil moisture content in the layer 236 above as well. Vice versa for negative ∆ X as water [24] On the other hand, the model simulated WTD seasonal variation is smaller than observations. 309
The small seasonal variation could be due to the mismatch between the lithology from the 310 observational surveys and the soil types in the model grids. As mentioned in Section 2.2, the soil 311 properties of the unconfined aquifer are the same as the bottom layer of the resolved 2-m soil 312 layers. While sand and gravel are the dominant lithology in most of the sites, except for silt in 313
Crater Lake, they are mostly clay and loam in the model (Table 1) 
319
[25] Despite mismatches between the model and sites in topography and soil properties at high 320 spatial resolution, this out-of-the-box simulation of the Noah-MP MMF groundwater scheme 321
shows reasonable results, as shown in Fig. 6 . 
Climate change signal in Groundwater fluxes 326
[26] The MMF groundwater model simulates three components in the groundwater water budget, 327 the recharge flux (R), lateral flow ( P"] ), and discharge flux to rivers ( Z ). Because the topography 328 is usually flat in the PPR, the magnitude of groundwater lateral transport is very small ( P"] less 329 than 5 mm per year). On the other hand, the shallow water table in the PPR region is higher than 330 the local river bed, thus, the Z term is always negative and discharging from groundwater aquifers 331 to rivers. As a result, the recharge term is the major contributor to the groundwater storage in the 332 PPR, and its variation (usually between -100 to 100 mm) dominates the timing and amplitude of 333 the water table dynamics. The seasonal accumulated total groundwater fluxes in the PPR 334 
Water budget analysis 358
[29] Fig. 8 and Fig. 9 show the water budget analysis for the eastern and western PPR (divided by 359 the dotted line in 103° W in Fig. 7 [30] During snowmelt infiltration and rainfall events when ET demand is low, water infiltrates into 367 the top soil layer, travels through the soil column and exits the bottom of the 2-m boundary, hence, 368 the water table rises. During the summer dry season, ET is higher than PR and the soil layers lose 369 water through ET, therefore, the capillary effect takes water from the underlying aquifer and the 370 water table declines. In winter, the near-surface soil in the PPR is seasonally frozen, thus, a 371 redistribution of subsurface water to the freezing front results in negative ƒZ"Mb , and the water 372 table declines. 373
374
[31] In the eastern PPR, the effective precipitation (PR-ET) is found to increase from fall to spring, 375 but decrease in summer in PGW (Fig. 8(1c) ). Warmer falls and winters in PGW, together with 376 increased PR, not only results in later time for snow accumulation and earlier for melting, but also 377 changes the precipitation partition -more as rain and less as snow. This warming causes up to 20 378 mm of snowpack loss (Fig.8(2c) ). The underground runoff starts much earlier in PGW (December) 379 (Fig.8(2b) ) than in CTRL (February) (Fig.8(2a) ). On the other hand, the warming in PGW also 380 changes the partitioning of soil ice and soil water in subsurface soil layers (Fig. 8(3c) ). For late 381 spring in PGW, the springtime recharge in the future is significantly reduced due to early melting 382 and less snowpack remaining (Fig. 8(4c) ). In the PGW summer, reduced PR (50 mm less) and 383 higher temperatures (8 °C warmer) lead to reduction in total soil moisture, and a stronger negative 384 recharge from the aquifer. Therefore, the increase of recharge from fall to early spring compensates 385 the recharge reduction due to stronger ET in summer in the eastern PPR, and changes little in the 386 annual mean groundwater storage (1.763 mm per year). 387 388 [32] These changes in water budget components in the western PPR (Fig. 9) are similar to those 397 in the eastern PPR (Fig. 8) , except in summer. The reduction in summer PR in the western the PPR 398 (less than 5 mm reduction) is not as obvious as that in the eastern PPR (50 mm reduction) (Fig. 4) . 399
Thus, annual mean total soil moisture in future is about the same as in current climate (Fig. 9(3c) ) 400 and results in little negative recharge in PGW summer (Fig. 9(4c) ). Therefore, the increase in 401 annual recharge is more significant (10 mm per year), an increase of about 50% of the annual 402 recharge in the current climate (20 mm per year) (Fig. 9(4c)) . 403 
406
[33] In both the eastern and western PPR, the water budget components for the groundwater aquifer 407 are plotted in Fig. 8(4) and Fig. 9 (4 SMCSAT is essentially altering the storage in the aquifer and soil in this model grid. Given the 444 same amount of groundwater flux, in the REP simulation, the mean WTD is higher than the default 445 run and the seasonal variation is stronger, hence, increasing the WTD seasonal variation. 446
447
[37] We show the REP simulation in order to prove our theory in Section 3.1, that the simulated 448 WTD is sensitive to parameters associated soil properties, and thus could be improved by obtaining 449 more realistic soil maps. But in the REP simulation, we replaced soil type with observations only 450 at these 11 site locations because the geological survey data in high resolution and large area extent 451
is not yet available for the whole PPR. Future development in fine-scale soil properties will 452 hopefully improve the WTD simulation. 453 by a month in the PPR. Thus, the snowmelt water in pre-thaw spring would either re-freeze after 465 infiltrating into partially frozen soil or become surface runoff. Under the PGW climate, the warmer 466 [44] (1) the coupled land-groundwater model shows reliable simulation of mean WTD, however 505 underestimates the seasonal variation of the water table against well observations. This is mostly 506 due to the mismatches of soil types between groundwater sites and corresponding model grid 507
points. This mismatch comes from inadequate information of aquifer parameters, which are the 508 same as those for the lowest soil layer. We further demonstrated in an additional simulation (REP) 509 by replacing the default soil type with observational "true" value that the simulated WTD is 510 sensitive to soil type parameters, and the simulated WTDs were improved in both mean and 511 seasonal variation. However, inadequacy of soil properties in deeper layer (< -2 m) is still a 512 limitation. 513
514
[45] (2) In general, recharge markedly increases due to projected increased PR, particularly from 515 fall to spring under future climate condition. Strong east-west spatial variation exists in the annual 516 recharge increases, 25% in the eastern and 50% in the western PPR. This is due to the significant 517 projected PR reduction in PGW summer in the eastern PPR but little change in the western PPR. 518
This PR reduction results in stronger ET, which draws more groundwater uptake due to the 519 capillary effect, results in negative recharge in the summer. As a results, the increased recharge 520 from fall to spring is consumed by ET in summer, and results in little change in groundwater 521 storage in the eastern PPR, while higher storage in the western PPR. 522 season, and higher permeability in soil allowing infiltration in the future winter. Additionally, late 528 accumulation/freezing and early melting/thawing leads to an early start of a longer recharge season 529 from December to June, but with a lower recharge rate. 530
531
[47] Our study has some limitations where future studies are needed: 532
(1) Despite the large number of groundwater wells in PPR, only a few are suitable for long-term 533 evaluation, due to data quality, anthropogenic pumping, and length of data record. As remote 534 sensing techniques advance, observing terrestrial water storage anomalies derived from the 535 GRACE satellite may provide substantial information on WTD, although the GRACE information 536 needs to be downscaled to a finer scale before comparisons can be made with regional hydrology 537 models at km-scale (Pokhrel et al., 2013) . 
